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CONVERSION FACTORS AND ABBREVIATED UNITS

Muitiply By To obtain
cubic centimeter (cm3 ) 0.06102 cubic inch
gram (g) 0.03527 ounce
kilogram (kg) 2205 pound
kilometer (km) 0.6215 mile
square kilometer (kmz) 0.3861 square mile
meter (m) 3.281 foot
millimeter (mm) 0.03937 inches
becquerel per liter (Bq/L) 27 picocuries per liter
terra becquerel (TBq) 27 curies

For temperature, degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by using the formula
°F=(1.8)(°C) + 32.

Abbreviated units used in report: Ky (distribution coefficient), mg/L (milligrams per liter), ml/g,
(milliliters per gram), mg/kg (milligrams per kilogram).
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Strontium Distribution Coefficients of Surficial
Sediment Samples from the Idaho National
Engineering Laboratory, Idaho

By Michael J. Liszewski, U.S. Geological Survey; Jeffrey J. Rosentreter, Idaho State
University; and Kevin E. Miller, U.S. Geological Survey

Abstract

Strontium distribution coefficients (K;'s) were
measured for 20 surficial sediment samples
collected from selected sites at the Idaho National
Engineering Laboratory (INEL). The measure-
ments were made to help assess the variability of
strontium K,'s found at the INEL as part of an
ongoing investigation of strontium chemical trans-
port properties of surficial and interbedded sedi-
ments at the INEL. The investigation is being con-
ducted by the U.S. Geological Survey and Idaho
State University in cooperation with the U.S.
Department of Energy. Batch experimental techni-
ques were used to determine K,'s of surficial sedi-
ments using a synthesized aqueous solution repre-
sentative of wastewater in waste disposal ponds at
the INEL. Strontium K,'s of the 20 surficial sedi-
ments ranged from 36+1 to 2756 milliliters per
gram. These results indicate significant variability
in the strontium sorptive capacities of surficial
sediments at the INEL. Some of this variability can
be attributed to physical and chemical properties of
the sediment itself; however, the remainder of the
variability may be due to compositional changes in
the equilibrated solutions after being mixed with
the sediment.

INTRODUCTION

The transport and fate of waste constituents in
geologic media is dependent on physical and
chemical processes that govern the distribution of
constituents between the solid geologic stationary
phase and an aqueous mobile phase. This distri-
bution often is quantified, at thermodynamic equi-
librium, by an empirically determined parameter
called the distribution coefficient (K,). K,'s can be
used effectively to summarize the net chemical

factors that affect transport efficiency of ground-
water constituents. Many transport models for
radionuclides use K4's to predict the extent to
which the migration of the constituent will be
lessened relative to the mean ground-water velo-
city (Sposito, 1989, p. 150-155; Bohn, 1985, p.
153-207; Fetter, 1993, p. 117-127).

The U.S. Geological Survey (USGS) and Idaho
State University, in cooperation with the U.S.
Department of Energy (DOE), are conducting a
study to determine geochemical properties affect-
ing strontium transport in surficial sediment at the
Idaho National Engineering Laboratory (INEL),
Idaho. The purpose of the study is to determine the
fate and transport behavior of chemical constit-
uents in wastewater discharged to the unsaturated
zone and the Snake River Plain aquifer at the
INEL. Study objectives include assessing the
variability of strontium Ky's in surficial and
interbedded sediments at the INEL.

This report presents experimentally derived
K's of 20 surficial sediment samples collected
from selected sites at the INEL. Sediment samples
were mixed with a synthesized aqueous solution
using batch experimental techniques to determine
the strontium distribution between the solid and
aqueous phases. The synthesized aqueous solutions
were representative of wastewater in waste dis-
posal ponds at the INEL with respect to major
cations and pH. Strontium concentrations in the
solution were varied to define strontium sorption
isotherms. Strontium K;'s were derived from the
isotherms using the linear sorption isotherm model
described by Fetter (1993, p. 117-119).



Background

The INEL comprises 2,300 km? of the eastern
Snake River Plain in southeastern Idaho (fig. 1).
The INEL was established in 1949 by the DOE for
the development of peacetime atomic energy
applications such as nuclear safety research,
defense programs, and advanced energy concepts.
More than 50 nuclear reactors have been operated
at the INEL since its inception. Facilities at the
INEL also are used to store nuclear waste, such as
spent fuel rods from the U.S. Navy's nuclear fleet
and other DOE sites, and wastes generated onsite.

Aqueous chemical and radiochemical wastes,
including strontium-90 (°°Sr), have been discharg-
ed to waste disposal ponds and disposal wells at
the INEL since 1952. Prior to 1983, much of the
wastewater was injected directly into the Snake
River Plain aquifer through deep injection wells.
Since 1983, most of the wastewater has been dis-
charged to unlined waste disposal ponds. Some
chemical constituents from wastewater may enter
the aquifer indirectly following percolation from
the waste disposal ponds through sediments in the
unsaturated zone (Pittman and others, 1988). Dis-
posal of radioactive wastewater to the Test Reactor
Area (TRA) waste disposal pond ceased in August
of 1993 and the pond was remediated (Chew, U.S.
Department of Energy, written commun., 1995).
Radioactive wastewater at the TRA is now (1996)
discharged to a lined evaporation pond.

%Sr is a radionuclide produced by the fission of
uranium, has a half-life of 28.8 years, and decays
through beta emission (Eisenbud, 1973, p. 83-97).
The deposition of *°Sr is well documented globally
(Eisenbud, 1973, p. 320-331). This radionuclide is
present in ground water and was introduced (o the
environment from fallout of nuclear explosions
and as a result of the waste disposal practices used
in the nuclear industry. Because of the toxicity of
%Sr and its tendency to concentrate uniformly
throughout mineral bone tissues, the ntaximum
contaminant level allowable in drinking water is
0.3 Bg/L (U.S. Environmental Protection Agency,
1989, p. 551). (Note: All radioactivily concentra-
tions and associated uncertainties in this report
have been converted from units reported by the
laboratory (pCi/L) to SI units (Bg/L). No judge-

ment was made relative to the precision of the
conversions.)

Approximately 4.8 TBq of *°Sr was dis-
charged to the subsurface at the INEL from the
early 1950's to 1991, primarily at the Idaho
Chemical Processing Plant (ICPP) and TRA
facilities (Bartholomay and others, 1995, p. 26).
Documented disposals include:

»  Approximately 1.2 TBq of **Sr discharged
into a pit at the ICPP during 1962-63
(Robertson and others, 1974, p. 119).

« Approximately 0.6 TBq of *Sr discharged to
a disposal well and waste disposal ponds at
the ICPP (fig. 2) from 1961-91, of which
approxi-mately 0.25 Ci were discharged to
the waste disposal ponds (Bartholomay and
others, 1995, p. 26).

»  Approximately 2.9 TBq of ®Sr discharged to
waste disposal ponds at the TRA (fig. 2) from
1952-91 (Bartholomay and others, 1995, p.
26).

Concentrations of *°Sr in perched-water zones
beneath the ICPP ranged from O to 11+0.4 Bq/L
during 1990 through 1995. Concentrations of *°Sr
in perched-water zones beneath the TRA ranged
from 0 to 18545 Bg/L for the same period. Dis-
posal of *°Sr has resulted in a 10-km? plume within
the eastern Snake River Plain aquifer beneath the
ICPP (Bartholomay and others, 1995, p. 28) with
concentrations greater than 0.3 Bg/L. Concentra-
tions of *°Sr in water from wells completed in the
Snake River Plain aquifer have been as large as
0.07 Bg/L in recent years (well 47 on October 24,
1991; fig. 2). #°Sr has not yet been detected within
the eastern Snake River Plain aquifer beneath the
TRA. This may, in part, be explained by the
exclusive use of waste disposal ponds rather than
disposal wells at this facility from its inception.
Sorption processes in the unsaturated and perched-
water zones beneath the waste disposal ponds have
likely lessened *Sr migration at the TRA. In addi-
tion, stratigraphy beneath the TRA may be
different from that beneath the ICPP (Anderson,
1991, p. 22-28).















1+L9 [2aeId Kpueg €0 0z-04

£788 pues Appnw A[ase1D 1 61-08
$F60T pues Appnuw A[aae10 I 81-0d
£796 pues A[joaeln I L1-09
STFEOT pues A[jase1n 1 91-0d
TFLST pues AJ[aae1) 1 S1-0€
€811 pues Afaselg 1 +1-0d
¥F80C pues Appnuw A[jase1g 1 €1-04d
F68 pues A[jaae1) 1 Z1-08
179¢ [9ae13 Apueg Lo 11-049
TFLOT [2ae18 Apueg 1 01-0d
9F6LT pues j[ase1n 1 6-0d
97997 pues Appnw £jjaae18 APySis I 8-0d
SFYOT pues Ajjaae1n 1 Lodg
vFPEL pues A[[2se10 1 9-09
£¥19 pues A[[2se1D) I ¢-od
£FL6 pues [[aae10 1 04
€799 [oe1s Apueg I €08
FP6 [2ae13 Apueg 80 zod
£789 [oaeI8 Apueg Lo 1-0d
(6/jw) Py aanyxal (w) ydeg sweu sjdweg

[P oy s1emdTes 01 pasn UoLss 1§l JeAUI] 91 JO 1011 plepuels Y1 aJe sapuepaoun Py (g7 'd *+/61)
§[o] wo1j are suonduasap aInixa ] “ures Jod sIAJIIW ‘S/fu UAOIFFe0s uoynquisip Py Ustour ‘W :SUOIEIARIGQY PII0d[I00 sem o[dwres 2yl Yolym e 2oepins pue] mojaq yidep oreunxordde ays st ppda(g)

‘(¢ “B1y) Asoyesoqe) Buuesuibug jeuoneN oyep| eyl wol} sejdwes JuaLWiIpas [BIoIUNS JO JULIdI200 UoIINGUISIP pUe ‘ainixa) ‘Yidep sjdweg *} s|qet



analysis techniques described by Bartholomay
(1990, p. 58) were used to determine the grain-size
distribution of sediment samples (table 2). Bulk
mineralogy of the samples was determined using
X-ray diffraction techniques (Reed, 1994, p. 5-6)
and was variable; quartz, calcite, and feldspar
generally were the most abundant (table 3). As can
be seen from tables 1 through 3, a wide range of
sedimentary characteristics was represented in the
20 samples.

Preparation of the synthesized aqueous
solution

A synthesized aqueous solution that chemically
represented wastewater in the ICPP waste disposal
ponds was prepared because of the difficulty in
obtaining wastewater in the field and potential
chemical changes associated with the long-term
storage of wastewater. The synthesized aqueous
solution contained dissolved calcium, chloride,
magnesium, potassium, sodium, strontium, silica,
and carbonate alkalinity. The pH of the synthesized
aqueous solution was fixed at 8.0+0.1. The use of a
synthesized aqueous solution allowed for the con-
trol of experimental variables, addressed potential
saturation problems and chemical phase modifi-

cations, and provided a constant supply of solution.

A concentrated stock solution containing 1,000
mg/L of calcium, 200 mg/L of magnesium, and
200 mg/L of potassium was prepared by adding
American Chemical Society (ACS) certified
reagents of calcium carbonate, magnesium carbo-
nate, and potassium chloride to deionized water. A
concentrated stock solution containing 1,000 mg/L
of stable strontium was prepared separately by
adding ACS-certified strontium carbonate to
deionized water. Stable strontium was substituted
for the radioactive *Sr isotope so that no special
handling was required. Stable strontium is assumed
to behave geochemically in the same manner as
%Sr. Concentrated trace-metal-grade hydrochloric
acid was added to the stock solutions to enhance
stability of the concentrated solutions and to
evolve carbon dioxide. The resulting pH of the
concentrated stock solutions was less than 2.0.

Four volumetric flasks of synthesized aqueous
solution were prepared by first volumetrically
diluting the concentrated stock solution of calcium,

magnesium, and potassium with deionized water.
Solution in each of the flasks then was spiked with
different concentrations of strontium using the
strontium concentrate. Next, silica, in the form of
sodium silicate, was added directly to the solution
using a Fisher Scientific 1,000-mg/L atomic-
absorption reference standard. The pH then was
adjusted to 8.0+0.1 by adding 1.0 molar sodium
hydroxide and hydrochloric acid. Sodium then was
added to the synthesized aqueous solution in the
form of solid sodium bicarbonate and the pH was
readjusted to 8.0. Finally, the solution was equili-
brated with atmospheric gases by leaving the flasks
open to the atmosphere ovemnight and then adjust-
ing the pH again if necessary.

Two batches of the synthesized aqueous
solution were prepared and spiked with strontium
(table 4). Small variations between constiuent
concentrations in the two batches were due to
inconsistencies in the preparation. Also, because
the strontium concentrate used for spiking was
acidified, each of the spiked solutions required
different amounts of sodium hydroxide and hydro-
chloric acid for pH adjustment. The different
amounts of sodium hydroxide and hydrochloric
acid added for pH adjustment caused slight varia-
tions in the concentrations of sodium and chloride.
These slight variations were not expected to affect
strontium sorption to a measurable degree. Chlo-
ride concentrations were not determined analyti-
cally. Concentrations of calcium, magnesium,
potassium, silica, sodium, and pH of the synthe-
sized aqueous solution were based upon typical
concentrations of these constituents in historical
samples from ICPP waste disposal ponds (table 5).
Alkalinity concentrations were not adjustable
directly and were dependent on the amount of
sodium bicarbonate added to the solution as
described above.

Experimental methods and results of analyses

The sorption studies were carried out using
batch experimental techniques in 50-cm> polyethy-
lene centrifuge tubes. Batch experimental techni-
ques were used because they are relatively simple
and inexpensive, and many experiments can be
done simultaneously. The dried sediments were
homogenized and split into nominal 1-g sub-
samples using a riffler to minimize bias. The



Table 2. Grain-size distribution of surficial sediment samples from the Idaho National Engineering Laboratory.

[All size intervals are in millimeters. Grain-size distribution determined using grain-size analysis techniques described by Bartholomay (1990).
Abbreviations: >, greater than; <, less than]

Grain size distribution, in weight percent

Sample
name >4.75 475400 4.00-2.00 2.00-1.00 ;_'gg{') %_52‘;’; %_":52%' %1:; <0.063
BC-1 46.1 45 11.0 6.4 59 10.6 6.7 6.1 2.7
BC-2 30.7 2.9 76 49 45 13.7 18.1 10.8 6.9
BC-3 418 3.5 8.4 5.1 6.7 18.8 6.8 6.0 28
BC4 0.0 20 13.2 113 144 30.2 18.2 8.8 2.0
BC-5 453 3.1 75 40 5.1 220 9.6 27 0.7
BC-6 36.0 2.5 5.6 53 112 25.6 8.0 45 13
BC-7 00 84 299 2238 206 16.7 13 02 00
BC-8 14 03 19 73 112 105 133 383 16.0
BC9 00 45 18.3 19.0 19.6 15.0 115 100 21
BC-10 00 6.5 309 24.0 255 109 1.6 0.6 0.1
BC-11 55.4 3.6 9.6 5.9 45 112 54 28 1.7
BC-12 0.0 0.7 14.5 14.4 119 14.2 258 132 53
BC-13 0.7 0.7 10.5 11.0 10.5 9.0 16.7 26.0 14.9
BC-14 0.0 12 11.1 9.7 8.0 113 373 180 3.4
BC-15 00 0.8 15.2 216 18.8 13.2 12.7 16.5 1.0
BC-16 0.0 27 18.1 222 19.0 132 114 10.0 33
BC-17 0.0 27 19.2 259 208 12.3 7.1 89 3.1
BC-18 1.6 14 123 133 12.8 10.8 119 18.0 18.0
BC-19 6.2 1.4 12.6 15.2 135 9.7 14.1 17.8 9.5
BC-20 485 3.7 10.8 8.6 89 12.6 45 13 1.0




Table 3. Bulk mineralogy of surficial sediment samples from the |daho National Engineering Laboratory.

[Bulk mineralogy determined using X-ray diffraction techniques (Reed and others, 1994, p. 5-6). Abbreviations: Qz, quartz; Pg, plagioclase
feldspar; Ksp, potassium feldspar; Cc, calcite; Tc, total clay minerals; Dol, dolomite; Py, pyroxene]

Bulk mineralogy, in weight percent

Sample name

Qz Pg Ksp Cc Tc Dol Py
BC-1 48 13 9 11 7 0 9
BC-2 51 24 5 7 10 0 2
BC-3 63 22 0 16 0 0 0
BC-4 56 19 0 3 22 0 0
BC-5 41 21 12 12 0 0 14
BC-6 41 18 13 8 21 0 0
BC-7 42 24 0 5 21 0 8
BC-8 39 15 0 15 10 7 15
BC-9 45 18 0 11 26 0 0
BC-10 52 16 0 25 0 6 0
BC-11 26 0 0 69 0 5 0
BC-12 29 17 0 27 15 12 0
BC-13 25 14 0 51 0o 10 0
BC-14 30 6 0 52 0 12 0
BC-15 27 0 0 41 24 9 0
BC-16 21 4 10 42 17 6 0
BC-17 28 12 0 35 19 7 0
BC-18 41 13 0 28 10 8 0
BC-19 33 7 0 40 13 7 0
BC-20 47 30 0 4 4 7 9

10
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nominal 1-g sub-samples were equilibrated with
20.0 ml of the synthesized aqueous solution at
30°C in a constant temperature shaker (Fisher
Scientific Versa-Bath S Model 236) at a setting of
70 cycles per minute for 144 hours. The 1 to 20
mass-to-volume ratio, time of equilibration, and
the agitation rate were selected (o be consistent
with those in previous investigations performed by
Del Debbio and Thomas (1989). The time of equil-
ibration was demonstrated to be sufficient by work
performed by Bunde (U.S. Geological Survey,
written commun., 1995). The aqueous phase was
separated from the solid phase at the end of the
experiment by centrifugation for 10 minutes at
3,500 revolutions per minute. The supernatant
samples were preserved by adding several drops of
trace-metal-grade concentrated nitric acid.

Sorption isotherms for each surficial sediment
were determined from strontium distribution data
at four initial solution concentrations of strontium
(table 4). Strontium linear sorption isotherms and
K4's were derived from the least squares regression
of equilibrium concentrations of strontium sorbed
to the sediment as a function of dissolved stron-
tium in solution (Fetter, 1993, p. 118). Concentra-
tions of dissolved strontium were measured direct-
ly by atomic absorption spectroscopy. Concentra-
tions of sorbed strontium were calculated as the
difference between the initial and equilibrium
concentrations of dissolved strontium multiplied
by the volume-to-mass ratio. Initial concentrations
were determined on the basis of the concentration
in control samples measured at the conclusion of
the experiment. Control samples consisted of
reaction vessels containing synthesized aqueous
solution with no sediment. This determination
assumed that any changes that occurred during the
experiments in the solution concentrations of the
control samples also occurred in the samples. To
best represent field conditions in the unsaturated
and perched ground-water zones, the sediment was
not pre-treated with the simulated wastewater
solution before experimentation.

Experiments were grouped into sets consisting
of 12 sediment samples mixed with synthesized
aqueous solution in centrifuge tubes, three tubes at
each of the four strontium concentrations. Addi-
tionally, an experimental blank and four control

samples were included in each experimental set.
The blank consisted of a centrifuge tube containing
only deionized water, and control samples consist-
ed of centrifuge tubes containing only synthesized
aqueous solution, one at each of the four strontium
concentrations. Blanks and controls provided
experimental evidence that the constituents in
these experiments did not adsorb onto or desorb
from the reaction vessel walls or experimental
apparatus. The first batch of synthesized aqueous
solution (table 4) was used for sample sets BC-1
through BC-6 (table 6) and the second batch was
used for BC-7 through BC-20.

The synthesized aqueous solution, controls, and
blanks were analyzed for concentrations of alka-
linity, calcium, magnesium, potassium, sodium,
strontium, and pH before equilibration with the
sediment and for calcium, magnesium, strontium,
and pH after equilibration with the sediment. Cat-
ion concentrations were determined on a Thermo
Jarrell Ash Smith-Hieftje 1,000 flame atomic
absorption spectrometer with AA/ThermoSPEC
version 3.01 software; pH was measured with an
Orion Research model 231 pH meter, and alka-
linity was determined with a Hach digital titrator.
Historical pond water analyses (table 5) presented
as supporting data in this report were done by the
U.S. Geological Survey’s National Water Quality
Laboratory using analytical techniques prescribed
by Fishman and Friedman (1989), and Fishman
(1993).

Derivation of the strontium distribution
coefficient using the linear isotherm model

The distribution coefficient is defined as:

Ky=[Sr]g/ [Sr]eq 1]
(Kipp and others, 1986, p. 523)

where:

K, is measured in milliliters per gram,

[Sr]¢ = concentration of sorbed constituent per
unit mass of sediment, in milligram per
kilogram, and

[Sr]eq = concentration of dissolved constituent
in the equilibrated solution, in milligram
per liter.

Equilibrium sorption of solutes on sedimentary
material is commonly described by the linear
isotherm model where the K, is equal to the slope









concentrations far less than the concentration of
stable strontium used in this study.
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